VOL. 38, No. 5, MAY 1976 receptor discharge was related mainly to the v wave. This suggests that the receptors were activated principally by distention of the atria.
The present studies demonstrate that atrial C fibers can be activated by changes in atrial pressure within values recorded in normal conditions. 8 However, the experiments required thoracotomy, which has been shown to cause a decrease in cardiac volume' and also in the activity of atrial receptors subserved by medullated vagal afferents. 1 If the same was true for atrial C fibers, these would have a higher spontaneous activity when the thorax is intact and respiration spontaneous.
Certain evidence suggests that nonmedullated cardiac vagal afferents are involved in cardiovascular control. Selective electrical stimulation of these fibers in cats causes bradycardia and systemic vasodilation, 10 especially in the renal vascular bed; in contrast, selective activation of the medullated cardiac afferents causes tachycardia and systemic vasoconstriction. It also has been shown recently that atrial receptors with vagal afferents exert a tonic vasomotor inhibition in the dog." It thus is possible that atrial C fibers are involved in cardiovascular control. The further observation that changes in blood volume within a physiological range in atrial pressure cause an increase in activity of these atrial C fibers might indicate a role in the control of blood volume.
SUMMARY The possibility that the vascular muscle cell might contribute to the development of essential hypertension by being more responsive to norepinephrine because of an inherently lower membrane potential (£ m ) was investigated. Experiments were designed to test the hypothesis that £ m of arterial vascular muscle cells from spontaneously hypertensive rats (SHR) are less negative than those from matched Kyoto normotensive rats (KINK). The caudal artery, a muscular, densely innervated regulating artery 300-400 fjm in outside diameter, which is activated by graded (nonspiking) depolarization to produce a maintained contraction, was studied. Vascular muscle cells from SHR always had less negative E m than those from KNR at 16°C, but not at 36°C, over a range of K + concentrations from 2.7 m. M to ISO mM. From the relationship between E m and K* concentration, intraccllular K + concentration (|K+],) was estimated to be 150 mM for SHR and 170 m, M for KNR. The caudal artery undergoes a large depolarization when K* is removed from the superfusing solution and a transient hyperpolarization that exceeds the calculated £ K (potassium equilibrium potential) when K + is replaced. The magnitude of the hyperpolarization on returning to 30 mM or SO mM K* always was greater for vascular muscle of SHR than KNR. The apparently lower IK'], and more active (compensating) electrogenic ion transport in the SHR vascular muscle cells thus result in an unaltered E m at body temperature in the physiological range of K + concentrations. However, depolarization by norepinephrine was greater over the middle of the dose-response curve, and this greater depolarization caused the contractions of SHR arteries to be greater. The altered electrogenesis of the SHR vascular muscle cells is postulated to provide a mechanism for the increased reactivity of arteries to norepinephrine in hypertension.
hypertension, an alteration in properties of the vascular muscle cell is a likely candidate. A difference in cell function at the membrane level has been found by Jones'-2 in studies of ion flux and regulation in an inbred (the Okamoto) strain of genetically hypertensive rats. There was an increase in turnover of K + and Cl~ and an excess accumulation of intracellular Na + in arteries of the hypertensive rats, as compared to normotensive rats. 1 These finding suggest an increased permeability to all three ions. On the basis of the ion fluxes, Jones 2 calculated that if increases in the permeability to each ion were about equal, the membrane potential (£ m ) would be approximately 10 mV less negative in vascular muscle cells from spontaneously (genetically) hypertensive rats (SHR) than in cells from normotensive rats. The present study was carried out to provide a direct test of the hypothesis that E m is less negative in SHR vascular muscle cells. The results show that E m is not lower at physiological temperature. However, when electrogenic ion transport is suppressed by low temperature, the SHR cells have a less negative E m than cells from normotensive animals. The altered E m electrogenesis is manifest as a greater depolarization by norepinephrine (NE) and appears therefore to contribute to the increased constrictor response in hypertension.
Methods
Experiments were carried out on caudal arteries from 31 matched pairs of the Okamoto-Aoki strain of Kyoto Wistar hypertensive rats (SHR) and their Kyoto Wistar normotensive controls (KNR). The rats were obtained from colonies maintained at the University of Iowa. The SHR were from the F 8 generation, corresponding to the F 28 generation from the original pairing. The KNR were from the F 4 generation, corresponding to the F B generation from the original pairing of Kyoto Wistar normotensive rats selected from the same parental strain as the SHR. The experimental pairs consisted of one from the hypertensive colony and one from the normotensive colony, and were matched on the basis of weight and sex. The rats were 6-10 weeks old; over this age range the mean systolic blood pressure of rats in the SHR colony averaged 152 ± 8 (mean ± SD) mm Hg and in the KNR colony, 128 ± 9 mm Hg. The solutions used for superfusion of the isolated arteries were gassed with 95% O 2 and 5% CO 2 and had the following composition (mM): 145.3 Na + , 4.7 K + , 1.8 Ca 2 ", 0.8 Mg 2+ , 142.9 Cl", 11.9 HCO 3 -, 0.4 H , P O r , 7.8 dextrose, and 0.027 CaNa 2 ethylenediaminetetraacetic acid (EDTA). To change K + concentration, equivalent alterations in the molarity of Na + were made to maintain constant osmolarity, except for the 150 mM KC1 solution, which was 50 m.vi hypertonic. After exposure to each alteration of the electrolyte composition of the solution, the arteries were returned to control solution and full recovery was verified before the pair was exposed to the next solution.
To record E m , vascular muscle cells were impaled from the adventitial side by KCl-filled glass micropipette electrodes. Caudal arteries, 350 ± 40 ( mean ± SD) ^m in outside diameter were pinned in silicone rubber chambers with glass pins without being cut open and were carefully protected from stretching at all times. Use of vessels in cylindri-cal form and avoidance of stretch consistently resulted in larger initial values for E m and greater longevity of the preparation. Caudal arteries usually maintained full responsiveness to NE for at least 5 hours and as much as 10 hours when handled with the precautions noted. Measurements reported here were made during the first 4 hours. The superfusion rate was 3 ml/minute and chamber volume was I ml. The intracellular recording electrode and the superfusing solution were connected to a preamplifier (W-P Instruments M701) by Ag:AgCl half cells, and the preamplifier output was displayed on a storage oscilloscope, from which the data were taken. Cell impalements were accepted only if the reference potential (baseline) and electrode resistance were stable and had the same value before and after an impalement, cell impalement was signaled by a sharp voltage drop, and cell input resistance (measured with a single microelectrode) was between 4 and 20 Mfi. Sections of caudal arteries from SHR and KNR were mounted side by side in the same chamber, and an equal number of cells of each were impaled with the same electrode to eliminate variability introduced by different micropipette electrodes. All measurements were made 5-30 minutes after a solution change.
Tension was measured by cutting the arteries helically, mounting them in a muscle chamber with a volume of 1.5 ml, attaching them to Grass tension transducers (FT 03) and displaying the record on a Grass polygraph. Superfusion rate was 5 ml/minute. Four strips were mounted simultaneously to provide two SHR and two KNR arteries for immediate comparison. Initial tensions were adjusted to give maximum active tension for each strip. The optimum initial tension was determined by electrical field stimulation as the length of the strip was varied. Dose-response curves were calculated as geometrical means. 3 Cross-sectional area was calculated from strip length and weight 4 to provide an absolute value for tension.
Norepinephrine (/-arterenol HCI, Sigma) (NE) was diluted in an aspirator bottle, which served as the superfusing reservoir, immediately before being introduced into the tissue chamber. Effect of release of endogenous NE was eliminated for all the experiments involving a change in [K + ] o by denervation in vitro with 6-hydroxydopamine (6-OHDA), using the method of Aprigliano and Hermsmeyer; 6 this method, which involves exposure for 10 minutes to 300 pg of 6-OHDA/ml in a glutathione antioxidant buffer, causes rapid, specific destruction of adrenergic nerve endings. Phentolamine (1 /iM) was added to the 6-OHDA solution to prevent depolarization of the cells by the norepinephrine release that is an initial consequence of 6-OHDA treatment. After 6-OHDA treatment, recovery of the vascular muscle cells was verified by measurements of transmembrane potential which showed pretreatment values of £ " . The K + concentrations used in this equation should be corrected for the degree of ionization in solution by the activity coefficients. However, in the present experiments the objective was a comparison of SHR and KNR cells in the same solution. Therefore, the absolute values of K + activity need not be determined and data were plotted simply as a function of total K concentration. The point at which potential became 0 was at a [K + ] 0 of 151 mM for SHR and 173 mM for KNR. When temperature was lowered to 16°C there was a significant difference between SHR and KNR throughout the entire range of [K + ] o (Fig. 2) . The value of [K + ] o corresponding to E m = 0, indicated by the point at which the linear portion of the curve intersects the K + concentration axis, is unchanged from 36°C and equals about 150 mM for SHR and 170 mM for KNR. temperature, and a greater depolarization by lowered temperature than could be attributed to only the electrochemical gradient.
Results

RESTING E m AS A FUNCTION OF K + CONCENTRATION
EVIDENCE FOR ELECTROGENIC ION TRANSPORT
There always was a transient hyperpolarization of caudal artery vascular muscle when K + -free solution was changed to one containing K + . Figure 3 compares the depolarizations which occurred in 0 K + and the hyperpolarizations on returning to 30 mM K + for SHR and KNR. The transient hyperpolarization was greater by about 7 mV for vascular muscle cells from SHR than for cells from KNR, and the 
FIGURE 3 Membrane potential (E m ) of caudal arterial vascular muscle cells from spontaneously hypertensive rats (SHR) and
Kyoto Wistar normoiensive rats (KNR) when [K + ] a was changed from 4.7 mM to 0 mM and then to 30 mM. Both the depolarization in OK* and the hyperpolarization on return to 30 mM K + were greater for SHR than KNR. The data shown are from one pair of arteries and are typical of the time courses observed: in several experiments there was a more prolonged hyperpolarization in the SHR cells and less hyperpolarization of the KNR cells, producing an even greater difference. All E m values shown are negative with reference to superfusion solution.
plots of E n cross over during the 1st minute in high K + solution. The hyperpolarization was eliminated for both SHR and KNR by reducing the temperature by 20° or by exposure to 1 mM ouabain ( Table 1 ). The extent of hyperpolarization of vascular muscle cells of both SHR and KNR thus parallels the portion of the E m contributed by a temperature-sensitive process (cf. Figs. 1 and 2 for values of E m at 4.7 mM [K + ] o ). After action of ouabain or cooling by 20°C, depolarization always was observed when 30 mM [K + ] o was introduced. Hyperpolarizations to values of E m more negative than the calculated E K indicate the presence of electrogenic ion transport in both SHR and KNR vascular muscle, with a greater activity in SHR than in KNR cells. Furthermore, the greater magnitude of the electrogenic element in SHR cells can account for the lack of a difference in E m at physiological [K + ] o (Fig. 1 ) despite a lower [K + ], in SHR cells.
DEPOLARIZATION BY NOREPINEPHRINE
The magnitude of depolarization caused by equal concentrations of NE was greater for SHR and KNR arteries at concentrations of 30 ng/ml or higher. Figure 4 shows the difference between E m of SHR and KNR cells in solutions containing NE and illustrates that progressively greater concentrations of NE caused graded depolarizations of increasing magnitude in the caudal artery vascular muscle cell. Depolarization occurred within 1 minute after exposure of the artery segment to solution containing NE, and the E m then remained constant during superfusion with that solution. The highest concentrations shown here produced maximal contractions of the arteries, with maximal depolarization to a level of about -2 5 mV for KNR and -2 0 mV for SHR. The action of NE on arterial vascular muscle cells thus was limited to depolarization to some intermediate value of E m (rather than complete depolarization) even at concentrations producing maximal contractile activation. 
TENSION AS A FUNCTION OF NOREPINEPHRINE CONCENTRATION
As the isolated caudal artery had not previously been used for studies of hypertension, dose-response relationships were measured for NE. The responses of caudal artery vascular muscle to midrange concentrations of NE were greater for SHR than KNR, as shown in Figure 5 . The concentration for a half-maximum response (EC 50 ) was shifted to the left by a factor of 2.2 in SHR (22.3 vs. 50.1 ng/ml). The maximum contraction was slightly greater for SHR (770 ± 50 megadynes/cm 2 ) than KNR (650 ± 65 megadynes/cm 2 ) (means ± SE). (At sea level, 980 megadynes of force are produced by 1 kg of mass.) There were no detectable differences in threshold concentrations. The increase in sensitivity of vascular muscle of SHR over that of KNR was determined for a range of initial muscle lengths including /.", which provided the data shown above for active tension.
Discussion
The three main conclusions from these experiments are that caudal arterial vascular muscle cells of SHR show a lower [K + ], than those of KNR, that in cells of SHR the electrogenic ion transport component of E m is larger than for KNR cells, and that depolarization and contractile activation are greater at midrange NE concentrations in SHR than KNR. The experiments thus appear to have uncovered a cellular mechanism which could be a fundamental factor in initiating the series of changes the cardiovascular system undergoes in essential hypertension. Furthermore, the present data provide a connection between the report of Jones 2 that ion transport and regulation are altered in vascular muscle cells of genetically hypertensive rats and the increased sensitivity of the circulatory system of intact SHR to injected NE. 9 
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The cause of the increased sensitivity of SHR caudal artery appears to be the increased depolarization at each concentration of NE, which results from the two fundamental alterations in E m electrogenesis, that is, a lower ionized [K + ], (decreased £ K ) which is offset by a compensatory electrogenic ion transport. The evidence for the lower ionized [K + ], is from the £ m -log[K + ] 0 relationship, which becomes linear at higher [K + ] o (Figs. 1 and 2) . Such measurements allow reliable estimates of ionized [K + ], (which is important for cell excitability) and are not subject to interference from bound K + , which is included in chemical determinations. The present results show a difference of approximately 20 mM in ionized, unbound [K + ],, which appears in two independent sets of data ( Figs. 1 and  2) . The difference in [K + ], causes E m to be approximately 3 mV less at each value of [K + ] o (with the electrogenic mechanism eliminated, as in Fig. 2 ) and thereby contributes to the greater depolarization of SHR than KNR cells by NE. A difference of a few mV in E m is quite significant because the progressive depolarization of gradedly responsive vascular muscle by increasing concentrations of vasoconstrictor agents to produce graded contractile activation covers a relatively small range of values of E m \ the entire dose-response curve may be governed by a change of less than 30 mV in E m (Fig. 4 ). 4 l 1 1 3 Evidence for electrogenic ion transport is most directly provided by the hyperpolarization found on switching from K + -free solution to one containing 30 mM K; this hyperpolarization is abolished by ouabain or by reducing the temperature by 20°C. Thus the values of E m of vascular muscle cells are maintained inappropriately negative in relation to [K + ] 0 /[K + ], only by a temperature-dependent, ouabain-sensitive mechanism. Such an electrogenic ion transport has been reported for arterial vascular muscle by Somlyo et al. 14 -l5 and by Hendrickx and Casteels. 16 During neurotransmitter-induced increases in membrane conductance, depolarization would be exaggerated in cells with a larger electrogenic transport component of E m because the electrogenic ion current would be short-circuited by the low membrane resistance of the activated cells. Furthermore, due to the decreased [K + ], in SHR vascular muscle cells, an exaggerated depolarization would result from an increase in ionic conductance for a depolarizing ion because E K , which is the only hyperpolarizing influence, would be less negative. Thus a larger dependence of E m on an electrogenic ion transport mechanism would be expected to cause increased reactivity of the myovascular cells to NE.
The evidence for increased electrogenic ion transport and low [K + ]| in SHR vascular muscle at first seems paradoxical. Increased active ion transport would tend to maintain a high [K + ]i and a low [Na + ],. However, the electrogenic ion transport may be a minor determinant of the intracellular composition, with exchange mechanisms or separate nonelectrogenic ion transport of Na + being the major determinants. In fact, the electrogenic ion transport may be stimulated to greater activity in SHR vascular muscle cells by an elevated INa" 1 "], which in turn results from lower activity of other mechanisms. Alternatively, the electrogenic ion transport could be associated with ions other than Na + .
To study directly the electrogenesis of E m in vascular muscle cells, it was necessary to eliminate the influence of catecholamine release from nerve endings in caudal artery because we have shown that the innervation is very dense. 17 Furthermore, we have found that a change in [K + ] o can produce maximal contractions of caudal artery by release of endogenous NE from nerve terminals. 18 Thus, elimination of the intrinsic NE release mechanism was needed for meaningful analysis of the muscle cells. A recently developed method for rapid, specific elimination of adrenergic nerve endings by 6-hydroxydopamine treatment in vitro 5 which does not alter the muscle cell E m or NE sensitivity greatly facilitated these experiments.
Both medial thickening and intrinsic hyperresponsiveness have been postulated to be important causes of hypertension, and a basis for discrimination between them has been proposed. 19 The basis for a steeper slope and unchanged threshold of the tension-concentration curve could be medial thickening alone. However, the present data show that a different electrogenesis of the membrane potential also can lead to an increased slope and unchanged threshold. The wall thickness is an important parameter to include in hypotheses constructed about hypertension because medial thickening occurs in hypertension. However, as Folkow et al."( 1971) have suggested, the wall thickening seems to be a reversible secondary event following a primary event, and this finding also was demonstrated by Hansen et al. 21 The changes in wall thickness may thus magnify and maintain the increased slope of the NE dose-response curve which results from the primary event initiating hypertension. The alterations in membrane control of ions and consequent changes in excitability that form the subject of the present report would seem to be candidates for the initiating event in hypertension.
